We simulated short circuit of loaded copper wire at ambient atmosphere and successfully identified various phases of the arc bead. A cuprous oxide flake was formed on the surface of the arc bead in the rapid solidification process, and there were two microstructural constituents, namely, Cu-eutectic structure and solutal dendrites. Due to the arc bead formed at atmosphere during the local equilibrium solidification process, the phase of arc bead has segregated to the cuprous oxide flake, Cu-eutectic, and Cu phase solutal dendrites, which are the fingerprints of the arc bead permeated by oxygen.
Introduction
At present, the critical evidences for electrical fire cases determined by fire investigator around the world are not convincing. The trace evidences of electrical molten marks found at the fire scene may provide the solution. Short circuit can cause fire, while fire can also lead to short circuit. The "electric melted mark" can be divided into two kinds further, namely, the "fire-causing arc bead" and "fire-resulting arc bead." Since electrical molten marks are common at the fire scene, the puzzling question remains that whether the electrical molten marks are the actual cause of fire or are caused by wiring short circuit as the insulating cover of wire is destroyed by combustion flame. Up till now, fire investigators are still unable to identify the above two kinds of arc beads [1] .
In Japan, the electrical molten marks that cause fire are called "fire-causing arc bead" or "Primary Molten Mark (PMM)" while those resulting from fire are called "fireresulting arc bead" or "Secondary Molten Mark (SMM)." At present, many fire investigators still compare the size of short-circuit arc beads, as well as the external brightness and color of the molten marks, by visual inspection according to the identification method stated in the "Electrical Fire Cause and Identification" published by Tokyo Fire Department, Investigation Section, 1971 , so as to analyze whether the electrical molten marks are the fire-causing arc bead [2] . The macroscopic comparison method of visual observation is prone to human subjective bias. As a result, the identification of electrical molten marks has been disputed for a long time without any final conclusions [3] [4] [5] . To identify the fire cause by arc bead from electrical molten marks in fire scene is a challenge for the fire investigators. Such uncertainty in fire identification has undermined the public reliance of the investigation results of fire causes and has a strong impact on the credibility of evidences in judicial judgment of fire cases.
Anderson [6] analyzed the composition profile on the surface of electrical molten marks by Auger electron spectroscopy. The results found that the molten marks of electrical wire short circuit would adsorb ambient gases, thus reflecting the ambient atmosphere conditions of electrical wire short circuit. The compositions on surface of electrical molten marks include oxygen. Howitt [7] suggested that the solubility of oxygen in liquid copper would decline greatly from the viewpoints of thermodynamics and kinetics. Lee et al. [8] used Raman spectroscopy to identify the carbonized residue of electrical molten marks; there was graphitized carbon in the fire-causing arc beads. Chen et al. [9] used the secondary ion mass spectrometer to measure the depth profile; the surface layer enriched with C, Cl, and O was observed in the fire-causing arc beads.
This study aimed to explore the microstructural revolution of the arc beads while the electrical copper wire is short-circuited at ambient atmosphere and discuss the solidification of liquid copper at atmosphere, so as to make scientific definition and more precise description of the phase identification of the fire-causing arc bead [10] . 
Materials and Methods
The experimental materials for short circuit were two electrical copper wires (99.99% purity) in a length of 10 cm and a diameter of 1.2 mm, sleeved with PVC. The short circuit of the electric wire for the "fire-causing arc bead" was conducted at ambient atmosphere. The blowout and the solidification of wire are completed instantaneously as the short circuit of loaded wire even without ignition of fire. Therefore, in this experiment, the short site was preset 1 cm away from the end (load side). The insulation PVC layer of the preset short site was peeled off and two wires were twisted to make contact. The contact copper wires were placed at ambient atmosphere, and the other end (power side) was connected to the 110 Volt and 60 Hz AC power supply as shown in Figure 1 . As the power supply turned on, the two copper wires formed short circuit instantly until the short-circuit current blew out the conductors. The arc bead samples were obtained in the blown part of wire.
The load side short-circuit arc bead samples were taken out and soaked in acetone and clean arc bead samples surface by the ultrasonic oscillator. The clean arc bead samples were then placed in the moisture proof box at room temperature for natural drying. The morphology and the composition of the dried samples were observed by the FE-SEM (HITACHI S-4700 Field Emission-SEM), and then the microarea X-ray diffraction analysis on the samples was conducted by the XRD diffractometer (PANalytical X'PERT PRO XRD). The microstructure on the samples was observed by FIB-SEM (SEIKO SMI3050SE Dual-Beam FIB-SEM Hybrid System) and the sampling site was bombardment cut by gallium ion beam to prepare the TEM specimens. The chemical composition of the specimens was analyzed by SEM attached EDS (METEK, 5 ≦ ≦ 92).
Then, the electronic diffraction patterns, bright field and dark field images of the specimens, were conducted by the TEM (FEI Tecnai 2 20 S-Twin). The distances ( ) between diffraction spot and transmitted electron beam in the diffraction pattern of specimens were measured to find out their crystallographic relationship. As the reciprocal of reciprocal lattice vector length is the interplanar spacing ( ) of crystal (ℎ ) plane, calculate the interplanar spacing corresponding to the diffraction point according to value; and then the interplanar spacings are derived from = const. [11] . Various corresponding indices of plane (ℎ ) are obtained; the structure and phase identification of the constituents of specimens are analyzed after comparing with JCPD cards.
Results and Discussion
After 120 times of short-circuit experiments, the measurements on the short-circuit current showed that the triggered short-circuit current reached as high as 750 ampere during short circuiting. The part of wire at the power side, where the short-circuit current passed through, exhibited a hightemperature red hot status. Short-circuit current causes high temperature to decompose PVC insulator of the power side wires. The PVC pyrolysis produced flammable gases. The short-circuit arc not only ignited pyrolysis gases to bring about burning insulator but also resulted in the open circuit of copper conductor. This part of melted copper was heated and liquefied instantly. When the heating rate of the melted liquid copper was much greater than the cooling rate and the overheating was formed in short-circuit contact, the liquid copper was spattered by arc. Thus, the two shortcircuited wires were melted to break in contact instantly. The splashing liquid copper droplets were condensed to fine beads immediately in the atmosphere due to surface tension. Moreover, the residual liquid copper adhering to the four molten ends of the two short-circuited wires was solidified into the arc bead instantaneously.
By using FIB-SEM to observe the microstructure constituents of those load side arc bead samples, which exhibit the faceted morphology layer on the surface of the samples, the faceted layer is about 6 m thick (Figures 2(a) and 2(b) ). The microstructure under the faceted layer is a mixture consisting of two microstructure constituents, namely, polyphase eutectic structure (Figure 3(a) ) and dendrite with surface precipitate (Figure 4(a) ). The polyphase eutectic structure is characterized by two phases, which are rod-shaped phase and a matrix of continuous phase.
Gallium ion beam was used for bombardment cutting on the surface layer of the above arc bead samples for TEM sampling (Figure 2(b) ). According to EDS analysis, the surface layer specimen of arc bead is composed of copper and oxygen elements (Figure 2(c) ). TEM electron diffraction analysis was also conducted on the specimen (Figure 2(f) ). By checking JCPD cards corresponding interplanar spacing, it was found that the faceted layer on the surface of the arc bead samples is the cuprous oxide of lattice constant 0.4269 nm with simple cubic structure.
In Figure 3 (a), the polyphase eutectic structure under the cuprous oxide layer of the arc bead samples was observed by FIB-SEM. From TEM electron diffraction results, Figures  3(c) , 3(d) , and 3(e), the eutectic matrix is the Cu phase with a face-centered cubic structure and a lattice constant Journal of Nanomaterials 3 In Figure 4 , the dendrite, tipped with precipitate, is the microstructure of another constituent under the oxide layer of the arc bead. These dendrites exhibit the nonfaceted growth morphology and outward growth derived from the unfused wire end and immersed in eutectic [12] . The chemical compositions of dendritic second arm and precipitate in the specimen are copper element (Figure 4(c) ) and include copper-oxygen elements, respectively (Figure 4(g) ).
The structure analysis of the dendritic second arm (Figures  4(d) , 4(e), and 4(f)) and tipped precipitate (Figures 4(h) , 4(i), and 4(j)) shows that the dendrite is the Cu phase with a facecentered cubic structure, at a lattice constant of = 0.3615 nm, and the precipitate on the dendritic surface is the cuprous oxide with a simple cubic structure, at a lattice constant of 0.4269 nm (Figures 4(g) and 4 (j) and Table 1 ). The unmelted part of conductor is the heat extraction source. When the molten mark solution temperature is lower than 1358 k, the copper atoms in liquid will be heterogeneously nucleated as crystal embryos on the interface at the solid end of conducting wire that is not yet melted and then grow towards ⟨100⟩ direction to form columnar crystals. When the columnar crystals grow, the oxygen atoms are rejected continuously into the liquid and the solute concentration of solution between columnar crystals is therefore enhanced (Figure 4(b) ). Thus the solution forms constitutional undercooling between columnar crystals. The secondary arms grow along ⟨100⟩ direction perpendicular to primary crystals. This kind of dendrite also is known as solutal dendrite.
According to the diffraction pattern of XRD on the faceted surface of the samples (Figure 5) (111), (220), and (311), and the peak at 2 = 43.552 ∘ is Cu (111). The experimental results showed that due to high current density overheating, the liquid copper at the melting site of the short-circuited wire adsorbs oxygen from air. According to the above identification results, the surface layer of the fire-causing arc bead is the faceted cuprous oxide. The microstructure under the faceted cuprous oxide layer is a mixture consisting of two constituents, which are copper-cuprite eutectic structure and solutal Cu dendrites; the schematic diagram is shown as Figure 6 .
When wiring short circuit occurred at atmosphere, the dissolved oxygen in liquid copper on the molten end of the electrical copper wire follows Sievert's law. The solubility of the dissolved diatomic gases in melting is proportional to the square root of partial pressure of oxygen, = ( ) 1/2 , and it is also the temperature function, = Bexp (− / ) [13] . According to Cu-O phase diagram [14] , the oxygen solubility enhances in the liquid copper at high temperature as the rapid heating of the wire by short-circuit current.
From the gas/liquid interface (the surface of fire-causing arc bead), the oxygen dissolved in the liquid copper of the arc bead to form Cu-O solution, the liquid copper is the solvent, and the dissolved oxygen atom is the solute. The oxygen concentration of the molten arc bead profile forms diffusion distributed curve and decreases with an increasing diffusion distance from the surface of arc bead. Therefore, the oxygen concentration is the highest on surface of the melting the arc bead at ambient atmosphere.
In Cu-O solution, copper dendrites grow up; oxygen solute is being repelled from the Cu-dendrites tip constantly and forms cuprous oxide on dendritic surface (Figures 4(a)  and 4(b) ). These dendrites are solutal dendrites. Since the growth of the high-index planes with higher surface energy is quicker than low-index planes in the solidified Cu phase solutal dendrites, thus leaving the low-index {111} plane of copper in the final solidification [15, 16] , XRD results exhibited strong Cu (111) texture in the arc bead.
According to the Cu-O phase diagram [17] , as shown in Figure 7 , when log O 2 = −0.7, the three-phase equilibrium point of Cu-O system lies nearby the hypoeutectic composition between -phase and -phase. In this experiment, the surface of the arc bead is the cuprous oxide ( -phase) coating layer, and the constituents of the arc bead include Cu-eutectic structure and solutal Cu-dendrites; meanwhile, the eutectic structure consists of rod-shaped -phase and Cu phase matrix. During the solidification of the rapid cooling process, the liquid solution forms two liquids miscibility gap, → 1 + 2 , below = 1618 K (critical point). When the surface temperature is decreased below = 1502 K (freezing point of cuprous oxide), 2 → , 2 is solidified into cuprous oxide layer, which prevents the oxygen at ambient atmosphere from further dissolving into the molten arc bead continuously. When the molten arc bead solution is cooled below = 1496 K (monotectic point), 1 + 2 → 1 + [18] , the cuprous oxide layer becomes thick by the monotectic transformation. The oxygen content of arc bead is 0.33 (Xo = 0.33), and, therefore, the molar fraction of oxygen inside the arc bead is less than 0.33 (Xo < 0.33).
When the melted solution inside the arc bead is further cooled below = 1358 K (melting point of copper), copper atoms in liquid heterogeneously nucleate at the melted/unmelted interface of wire [19] . The solid end of wire becomes the heat conductor (the heat sink). The copper atoms on the liquid side crystallize at the interface by the capillarity and thermal conduction. The kinetics of transfer of atoms from the liquid to the crystal is rapid so that it can be neglected; thus, the solidified Cu phase dendrites appear to be nonfaceted crystal. The growth direction of cellular dendrites is opposite to the direction of heat flow [20] . The solutal Cu-dendrites grow rapidly towards the molten arc bead surface layer from the unmelted solid end section of wire. The solutal Cu-dendrites form so that solute is repelled into the liquid and enhances the solution concentration. As this sequence of events continues, the oxygen content becomes progressively richer in solution, which may even reach the eutectic composition of the Cu-phase based on Scheil's equation
, ( : liquid concentration, 0 : initial concentration, : volume fraction of solid, and : equilibrium distribution coefficient) [21] . At this stage of solidification, the constitutional effect of liquid/solid interface rejecting solute forms constitutional supercooling, which is the driving force for the continuous growth of solutal dendrites [13] . The solutal dendrites grow along the preferred crystallographic direction ⟨001⟩ and opposite to the direction of the heat flow, so solutal Cudendrites can be observed under the cuprous oxide layer of arc bead surface. The residual solution pushed by solutal Cudendrites growth to the inferior of cuprous oxide layer of the arc bead surface forms the eutectic composition solution. When the temperature drops below = 1339 K (eutectic point), 1 → (Cu) + , the residual eutectic composed solution is solidified into Cu-eutectic structure. Therefore, the eutectic structure under the cuprous oxide surface layer of molten arc bead is the final transient in solidification of the fire-causing arc bead.
Conclusion
According to the experimental results, at ambient atmosphere, the liquid copper of molten arc bead may adsorb ambient oxygen, and a cuprous oxide coating is formed on the arc bead surface layer. The hypoeutectic composition solution inside molten arc bead solidifies into solutal Cu-dendrites and Cu-eutectic. The growth of Cu-dendrites inside the molten arc bead starts at the unmelted solid end section of wire and ends somewhere nearby the cuprous oxide coating of the arc bead surface. Thus, Cu-eutectic structure and solutal Cu-dendrites microstructure can be observed under the cuprous oxide coating. According to XRD results, the solidification of the Cu-dendrites and the growth of highindex planes with higher surface energy are quicker than lowindex planes, thus leaving the low-index {111} plane in the final solidification of Cu-dendrites.
Therefore, the cuprous oxide surface layer and the microstructure constituents of solutal Cu-dendrites and Cueutectic structure are the characteristic feature, as well as the fingerprint of the fire-causing arc bead permeated by oxygen, for the short circuit of electrical copper wire occurs at an ambient atmosphere before fire. Instead of visual inspection or empirical rule, the microstructure of electrical molten mark can be analyzed precisely by using FIB-SEM and TEM. As a result, convincing scientific trace evidences can be provided in court.
